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PREFACE 


This  work  was  done  by  the  staffs  of  the  Linde  Company  and  Haynes 
Stellite  Company  with  Milton  Stern  as  principle  Investigator.  At 
the  Linde  Company,  R.  W.  Dlesner  conducted  the  majority  of  the  exper¬ 
iments  Including  metallurgical  observations,  special  heat- treatments , 
and  recrystal llsatlon  measurements;  L.  6.  Tensmeyer  and  R.  G.  Rudness 
prepared  the  various  special  composition  crystals.  At  the  Haynes  Stel¬ 
lite  Company,  J.  W.  Chasteen  supervised  fabrication  and  sample  prepa- 
ratldn  for  mechanical  property  measurements. 

Early  work  described  In  the  Introduction  was  obtained  In  a  coop¬ 
erative  program  between  the  Linde  Company  and  Union  Carbide  Metals 
Company.  These  data  were  obtained  by  E.  L.  Harmon,  J.  L.  Wilson  and 
R.  W.  Fountain. 
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This  1«  the  fine!  report  of  Contract  NOw  Sl'OhTl-C  end  covers 
the  period  June  29,  1961  to  February  28,  1962.  The  objective  was  to 
evaluate  the  fabricablllty  and  properties  of  tungsten  and  tungsten 
alloy  single  crystals.  This  was  accomplished  with  slxty-flve  crys¬ 
tals  prepared  with  diameters  ranging  from  1/2  to  1  Inch  and  lengths 
from  6  to  18  Inches.  Included  In  the  program  are  several  dilute  al¬ 
loys.  The  majority  of  crystals  have  been  successfully  swaged,  forged 
or  rolled  at  temperatures  far  below  those  required  to  fabricate  poly- 
crystalllne  tungsten.  The  following  properties  were  detersdned  on 
the  fabricated  auiterlal:  hot  hardness,  recrystalllsatlon  taaqperature, 
BMchanlcal  properties  at  elevated  temperatures,  and  ductile  to  brittle 
transition  temperature. 

It  la  shown  that  single  crystals  have  a  significant  fabrication 
advantage  and  that  their  SMchanlcal  properties  after  working  are  equiv¬ 
alent  to  Mterlal  of  similar  coeqposltlon  prepared  by  other  comswrclal 
processes.  Surface  preparation  la  Important  In  obtaining  good  fabri¬ 
cation  and  loif  bend  ductile-brittle  transition  temperatures.  The 
single  crystals  ware  extensively  characterised  by  chemical  analyses, 
and  X-ray  and  metallographlc  observations. 


I.  mnonocTioN 


A.  Background 

Many  preaent  and  future  aaterlale  problem  require  per- 
foraance  under  extrem  condltione  of  teaperature  and  envlronnent. 
This  has  lad  to  extensive  work  Involving  tungsten  and  tungsten  base 
alloys  since  the  high  mltlng  point  of  these  mterlals  proalses 
attractive  strength  properties  If  other  problem  specific  to  the 
mterlal  can  be  effectively  solved.  It  Is  worth  noting  that  som 
of  the  properties  of  tungsten  which  mke  It  attractive  for  future 
application  are  often  the  sma  properties  which  create  difficulty 
In  furthering  the  application  of  this  mterlal.  Major  problem 
today  Involve  efficient  consolidation  Into  dense  netalllc  font, 
fabrication  Into  useful  shapes,  and  creation  of  unusually  strong 
mterlals  %dilla  nlnlnlxlng  the  ductile  to  brittle  transition  tsai- 
perature. 


Consolidation  of  tungsten  Is  prlmrlly  achieved  by  four 
different  techniques:  pressing  and  sintering,  slip  casting,  con- 
smabla  arc  mltlng,  and  arc  torch  spraying.  Electron  beasi  and 
Induction  heated  floating  sone  refined  crystals  have  also  been 
produced;  however,  the  mxiiin  slse  attainable  by  this  approach  Is 
quite  smll  and  hence  their  application  will  probably  be  quite 
lladted.  While  each  process  produces  final  mterlals  and  shapes 
with  som  utility,  oany  factors  nust  be  significantly  laproved  be¬ 
fore  a  coaqpletely  satisfactory  general  process  Is  achieved. 

This  work  describes  tungsten  mterlals  prepared  In  single 
crystal  fom  by  an  arc  sndlflcatlon  of  the  Vemeull  process. 


B.  Fabrication 


Today's  techniques  provide  either  low  density,  poor 
coBiposltlon  control,  very  poor  mchanlcal  properties,  or  low 
ductility.  Also,  they  uniformly  produce  mterlal  which  Is  very 
difficult  to  fabricate  without  extramly  high  temperatures  and 
high  deformtlon  rates. Consumble  arc-mlted  tungsten  re¬ 
quires  extrusion  at  high  deformtlon  rates  to  break  up  the  large 
grain  slse  of  the  cast  structure.  Even  after  such  treatmnt, 
swaging  must  be  done  at  temperatures  as  high  as  1450*C  (2640*F). 
Direct  swaging  of  arc-mlted  tungsten  requires  tem>eratures  In 
excess  of  1700*C  (3090*F).(^^  Tungsten  produced  by  powder  metal¬ 
lurgical  mthods  Is  swaged  at  temperatures  of  about  1500*0  (2730*F). 
Hamer  forging  Is  started  at  about  1800*0  (3270*F)  with  sheet 
rolling  becoming  practical  at  1300*0  (2370*F)  to  1400*0  (2550*F) 
after  som  direct  forging  for  Initial  breakdown. 

The  extreme  conditions  required  to  process  tungsten  are 
multiplied  many  fold  for  tungsten  base  alloys  with  much  greater 
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•trangtha  at  high  twperatures .  The  technical  poaslblllty  of  creating 
tungatan  alloya  with  algnlflcantly  Inproved  atrength  propertlca  over 
tungaten  haa  been  eatabllahed. However,  the  utility  of  auch  auiter- 
lala  will  never  becoaw  a  reality  unleas  proceaalng  condltlona  which 
are  reallatlc  and  reaaonable  can  be  eatabllahed  for  their  fabrication. 

Thla  program  deacrlbea  an  approach  with  a  high  probability 
of  aucceaa  for  achieving  condltlona  which  will  permit  ready  fabrication 
of  very  high  atrength  tungaten  baae  alloya.  The  approach  utlllaea  the 
laqiraved  fabrlcablllty  of  alngle  cryatala.  The  eaae  of  deformation  of 
alngle  cryatala  haa  been  reallaed  for  a  number  of  yeara.'^'  It  haa 
only  recently  been  poaalble  to  produce  autaalve  alngle  cryatala  of  tung¬ 
aten  and  Ita  alloya. 

Samplea  of  very  email  diameter  tungaten  alngle  c^atala  grown 
by  the  atraln  anneal  method  have  been  known  for  aome  tlme^^  although 
property  Information  haa  been  limited  and  aubject  to  aoam  doubt  becauae 
of  lacaaq)lete  characterization  of  the  material.  While  extenalve  phyal- 
cal  and  mechanical  property  data  for  polycryatalllne  tungaten  are  re- 
ported^reeent  data  on  large  alngle  cryatala  have  not  been  available. 

Soem  preliminary  data  obtained  on  a  cooperative  program  within  the 
Ihlon  Carbide  Corporation  between  the  Linde  Compeny  and  the  Union  Car¬ 
bide  Metala  Coeqieny  ahow  aome  rather  Intereatlng  and  aurprlalng  effecta 
on  fabrlcablllty  of  tungaten  alngle  cryatala.  Table  I  preaenta  reaulta 
of  awaglng  teata  on  aa-grown  cryatala  of  varloua  orientation.  The  teata 
were  done  on  material  of  approximately  1/2-lnch  diameter.  The  orlen- 
tatlona*  Indicated  repreaent  the  cryatallographlc  direction  along  the 
axla  of  the  cylindrical  aample. 

Swaging  at  1000*C  (1830*F)  preaented  no  problem.  At  700*C 
(1290*F)  partial  reduction  occurred  eaally  but  rapid  cooling  In  the 
maaalve  awaglng  amchlne  cauaed  a  aufflclent  temperature  drop  to  reault 
In  fracture  of  the  aaaq>lea.  Since  It  la  poaalble  that  aa-grown  Qrya- 
tala  contain  atreaaea  which  could  Influence  their  fabrlcablllty, a 
few  awaglng  teata  were  conducted  after  a  atreaa  relief  at  1700*C  (3090*F). 

The  teata  recorded  In  Table  II  llluatrate  a  remarkable  differ¬ 
ence  In  the  fabrlcablllty  of  alngle  cryatal  and  polycryatalllpe  tungaten. 
Single  cryatal  material  can  be  worked  at  from  500*  to  700*C  (900*  to 
1360*F)  lower  than  conventional  aiaterlal.  Thla  la  perhapa  not  aurprlalng 
when  one  conaldera  all  the  evidence  for  Impurity  aegregatlon  and  aecond 
phaae  precipitation  at  grain  boundarlea. 


*  The  numbera  In  bracketa  [  ]  are  cryatallographlc  dlrectlona;  the 
numbera  In  parentheala  (. )  are  cryatallographlc  planea.  Since  tung¬ 
aten  la  body  centered  cubic,  the  direction  [a  b  c]  la  perpendicular 
to  the  plane  (a  b  c). 
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C.  Mechanical  Property  Mlatlong 


Considerable  data  are  now  available  on  the  mechanical 
properties  of  tungsten  produced  by  various  techniques. Table 
III  sumnarlzes  some  of  thr  pertinent  data.  The  comparison  is  not 
yet  complete  or  exact,  since  It  is  quite  certain  that  Impurities 
and  surface  preparation  play  a  prominent  role  In  determining  mechan¬ 
ical  properties  -  particularly  at  the  lower  temperatures.  It  Is 
clear,  however,  that  high  purity  single  crystals  have  ductile  to 
brittle  transition  temperatures  well  below  room  temperature  when  the 
surface  Is  properly  prepared.  Also  single  crystals  have  high  temper¬ 
ature  strength  properties  comparable  to  polycrystalllne  tungsten  of 
similar  purity. 

Table  IV  shows  mechanical  property  data  for  a  few  poly¬ 
crystalllne  tungsten  alloys  tested  at  1650*C  3000*F).  These 

alloys  are  among  the  strongest  reported  today  at  very  high  temper¬ 
atures.  Only  a  few  metallic  materials  are  In  the  same  strength  re¬ 
gion  as  the  W-0.67.  Nb  alloy;  a  W-307.  Re  alloy,  single  crystal 
tungsten  containing  2%  as  a  dispersed  phase,  and  a  86,67,  W- 
S.77.  Mo-5. 7%  Nb  alloy. 

D.  Single  Crystal  Program 

From  Tables  I  to  IV,  It  Is  evident  that  the  strength  and 
ductility  of  Linde  single  crystal  tungsten  Is  about  equal  to  or  better 
that!  tungsten  prepared  by  various  techniques.  One  problem  In  the 
comparison  of  properties  Is  the  establishment  of  sound  base  line  data. 
Two  Important  variables  are  surface  conditioning  and  chemical  com¬ 
position.  Stephens  found  a  pronounced  Increase  In  ductility  by  re¬ 
moval  of  the  outer  surface  of  tungsten  rods.  Surface  removal 

was  found  to  have  a  pronounced  effect  upon  the  fabrlcablllty  and 
ductile-brittle  bend  transition  temperature  of  the  tungsten  crystals 
studied. 


The  effect  of  Interstitial  elements  and  metallic  Impurities 
Is  also  Important  (10) (1®) (19) .  One  of  the  more  extensive  studies 
made  was  the  effect  of  chemical  composition.  Ihe  Individual  effects 
of  the  alloying  elements  was  studied  and  chemical  analyses  of  all 
successfully  worked  material  were  obtained.  In  this  way  It  was  felt 
that  the  material  would  be  well  characterized.  Generally,  It  was 
found  that  the  starting  crystal  had  lost  some  of  the. alloying  ageht 
during  growth  and  that  the  carbon’  and  the  oxygen  were  both  less 
than  20  ppm  (In  some  cases  less  than  10  ppm). 

With  the  material  well  characterized  regarding  carbon,  oxy¬ 
gen,  metallic  Impurities  and  alloying  agents,  consistent  experimental 
procedures  were  carried  out.  In  this  way  It  was  hoped  to  Isolate  the 
effects  of  alloying  elements,  crystallographic  orientation,  and  crys¬ 
tal  perfection.  These  were  studied  on  the  basis  of  fabrlcablllty,  ten' 
slle  strength,  hot  hardness,  recrystalllzatlon  temperatures,  room  tem- 
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perature  hardness  and  some  bend  ductility  tests.  All  of  the  speci¬ 
mens  were  also  examined  metallographlcally. 

PPERIMKHTAL  PKOCKDURES 


A.  Crystal  Growth 

l.'ungsten  and  tungsten  alloy  crystals  were  grown  by  an  arc 
modification  of  the  Vemeull  technique.  The  basic  Verneull  method 
Is  described  by  Buckley. (20)  Slxty-flve  crystals  were  prepared  for 
this  program.  Ikalr  diameters  ranged  from  1/2  to  1-1/8  Inch  with 
lengths  varying  from  6-18  Inches.  Most  unalloyed  crystals  were  12 
Inches  long.  However,  the  alloy  crystals  and  the  high  purity  crys¬ 
tals  were  generally  6  to  8  Inches  long.  T3rplcal  ssasples  are  illus¬ 
trated  In  Figures  1  and  2. 

B.  Composition 

The  cheadcal  ccsqiosltlon  of  all  of  the  crystals  placed  In 
the  program  are  listed  In  Table  V.  In  addition  to  unalloyed  tungsten, 
crystals  with  the  following  additions  were  also  prepared:  Nb,  Zr, 

Ti,  Hf,  Ir,  Ta,  TaC,  ThO^,  and  K2SiC^  AI2O3.  The  Zr,  Hf  and  Ir 
alloys  proved  to  be  polycrystalline,  and  In  the  case  of  Zr,  a  two- 
phase  structure  resulted  with  concentrations  of  Zr  as  low  as  0.31. 

The  additions  of  the  metallic  elements  were  made  at  approximately 
one  atasd.c  percent.  The  compounds  were  added  In  larger  quantities 
since  during  the  growth  process  they  tended  to  volatilise  rapidly. 

The  carbon  and  oxygen  contents  were  obtained  by  a  special 
variation  of  the  fuslon-conductoswtrlc  sMthod  (21)  which  permitted 
measurement  at  very  low  concentration.  The  trace  metallic  Impurity 
results  are  based  on  emission  spectroscopy  and  are  only  accurate  to 
within  an  order  of  magnitude,  e.^. ,  -3  Indicates  a  range  10'^  to  10“^ 
(.001  to  .01%).  The  alloying  eleisents  were  obtained  by  standard  wet 
chemical  analyses  Including  an  Ion  exchange  colinsn. 

C.  Working  Techniques 

Conventional  hot-working  facilities  were  used  successfully 
to  swage,  forge  or  roll  the  single  crystals.  Included  was  the  pre¬ 
heating  of  the  dies  by  first  swaging  a  piece  of  mild  steel.  The  axial 
temperature  rise  of  the  dies  was  quite  small.  This  Is  contrasted  with 
the  rather  complex  methods  required  for  polycrystalline  tungstens.  The 
surface  was  prepared  prior  to  working  to  minimise  fractiure  and  cleavage 
since  It  had  been  found  that  the  removal  of  a  small  amount  of  tungsten 
Isqiroves  Its  ductility  and  fabrlcablllty. (^^' (22T 

Working  was  done  either  one  of  two  ways.  The  first  method 
consisted  of  centerless  grinding  followed  by  pickling  In  a  60-40  HNO3- 
HF  bath.  After  this  treatsient  the  crystals  were  then  swaged.  The 
other  method  was  to  pickle  In  the  60-40  HNO3-HF  bath,  then  forge  to  a 
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flat  (about  50%  tha  original  dlaaatar),  plckla  again  and  than  roll. 

Thasa  procadurea  ware  determined  experlaMntally  aa  the  first  part  of 
tha  program. 

The  working  schedule  used  was  to  preheat  the  specimens  In  a 
tube  or  muffle  filled  with  argon  followed  by  one  pass  In  the  die,  forge 
or  mill  followed  by  a  reheating  to  1200*C.  Analytical  results  Indicate 
very  little  contamination  of  the  sMterlal  during  working.  (See  Table 
V.)  The  swaging  want  by  1/16  Inch  Increments  above  1/2  Inch  In  diameter 
and  by  1/32  Inch  Increments  below  1/2  Inch  In  diameter.  Most  of  the 
auiterlal  was  kept  Intact  after  a  diameter  of  3/8  Inch  was  reached  as 
this  was  the  desired  else  for  tensile  speclsiens.  A  few  sections  of 
crystals  were  swaged  down  to  .200  Inch.  Forging  took  the  crystals  down 
to  about  1/2  their  original  dlaswters.  About  3  reheats  for  the  smaller 
diameter  crystals  (1/2  Inch)  and  about  7  reheats  for  the  large  diameter 
crystals  (1  Inch)  ware  needed,  lot  rolling  was  done  by  Increasing  the 
draft  .030  Inch  after  each  pass  until  the  thickness  of  the  sheet  was 
about  .040  Inch.  At  this  thickness  the  rolls  were  almost  Jammed.  The 
thinnest  sheet  produced  to  date  was  about  .031  Inch  thick. 

During  the  working  operations,  various  speclmans  or  samples 
were  removed  from  the  crystals.  A  sample  was  cut  from  aach  crystal  after 
completing  a  swaging  die.  lardness  readings  were  taken  on  these  samples 
and  In  some  cases  the  recrystalllsatlon  taBq>erature  was  determined.  Samples 
were  also  removed  after  forging  and  various  times  during  the  rolling  pro- 
cess.  For  hot  hardness  readings,  specimens  were  removed  after  forging  or 
after  a  few  rolling  passes.  This  was  because  of  the  requirements  on  spec¬ 
imen  slxe  In  the  hot  hardness  testing  apparatus. 

With  the  exception  of  a  few  speclmans  described  elsewhere,  all 
the  crystals  were  either  swaged  to  .375  Inch  or  rolled  to  .040  Inch.  This 
material  was  then  sand  or  metal-blasted  to  remove  the  oxide  coating,  sec¬ 
tioned,  and  then  pickled. 


D.  Metallography 

The  structure  of  the  as-grown  single  crystals  can  be  seen  In 
Figures  3-8.  Normally,  crystals  exhibit  a  cross  section  as  shown  In  Fig. 
3.  The  boundaries  between  the  "pie  slices"  are  tensed  lineage  here.  If 
the  aaunmt  of  mlsorlentatlon  Is  less  than  about  5  degrees. 

The  adsorlentatlon  Is  determined  by  the  crystallographic  angle 
between  the  normals  of  the  exposed  surfaces  as  determined  optically  or 
by  means  of  a  back  reflection  Laue  photo.  This  aiethod  Is  acceptable  for 
mlsorlentatlons  >I  degree;  however,  for  ssialler  amounts  of  mlsorlentatlon 
a  microfocus  X-ray  tube  Is  required  and  Is  currently  being  used.  An  ex¬ 
ample  of  the  type  of  pattern  obtained  Is  shown  In  Figure  9,  with  a  short 
explanation  on  the  facing  page. 
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Reflected  X-reye  can  be  used  to  produce  Inages  of  crystals. 
This  fact  was  proposed  by  Garrett  and  utilized  by  Schultz  to 

examine  the  surface  of  single  crystals.  Using  white  radiation  and  a 
good  point  source  of  X-rays  an  Image  of  a  surface  Is  reproduced  on 
film.  The  requirement  that  the  Bragg  condition  be  satisfied  Is  taken 
cere  of  via  the  use  of  white  radiation.  The  Image  produced  Is  an  exact 
replica  of  the  surface  exposed.  If  one  exposes  a  closed  packed  plane 
other  planes  of  the  zone  will  also  be  reflected  so  thati  one  obtains  a 
series  of  Images  as  shewn  In  Figure  9. 

With  the  high  resolution  possible  with  X-rays  and  using  a 
microfocus  tube  the  presence  of  small  adsorlentatlons  can  be  detected. 
Areas  will  reflect  consistently  unless  there  Is  a  slight  variation  In 
orientation  between  adjacent  sections.  In  this  case  a  slight  overlap 
or  gap  will  appear  and  the  angular  difference  can  be  calculated  from 
geometrical  considerations.  Since  the  distance  from  the  specimen  to 
the  film  magnifies  this  angular  difference,  mlsorlentatlons  of  1  silnute 
of  arc  can  be  detected. 

The  areas  of  mlsorldntation  change  slightly  as  one  goes  from 
one  end  of  the  boule  to  the  other.  This  can  be  seen  by  Figures  7  and  8 
which  are  cross  sections  of  the  opposite  ends  of  the  same  boule.  In 
this  case,  the  amount  of  mlsorlentatlon  Increases  and  there  Is  sosie 
coarsening  of  the  sub- structure.  There  Is  almost  always  some  change 
In  the  lineage  but  the  amount  and  direction  of  change  Is  not  always 
the  same.  The  reason  for  this  Is  not  fully  understood  but  it  Is  be¬ 
lieved  to  be  directly  associated  with  the  growth  process. 

Normal  sietallographlc  procedure  was  followed  for  all  micro¬ 
graphs  shown.  In  the  case  of  the  nyrlad  of  recrystal llzatlon  speci¬ 
mens,  a  few  short  cuts  were  taken.  The  specimens  normally  were  not 
mounted  and  were  heavily  etched  after  being  polished  on  abrasive  paper. 
While  this  often  left  some  scratches  on  the  surface,  one  could  easily 
follow  the  progress  of  recrystalllzatlon.  This  was  spot  checked  by 
going  through  a  detailed  dlaaund  polishing  procedure.  The  crystals 
were  norsially  electrolytlcally  etched  In  a  2%  NaOH  solution;  however, 
a  few  of  the  alloys  seemed  to  etch  quite  well  In  a  1:1  solution  of 
HF-HNO3.  A  fully  recrystallized  sample  Is  shown  In  Figure  10. 

E.  Sasple  Preparation 

Sanq>les  for  various  tests  were  sectioned  appropriately.  For 
the  determination  of  the  ductile-brittle  transformation  temperature, 
bend  specimens  were  cut  from  the  .040  Inch  sheet  so  that  the  distance 
between  loading  points  times  the  constant  cross-sectional  area  >0.02 
Inch^.  This  was  done  so  that  approximately  a  constant  strain  rate 
could  be  obtained  through  the  elastic  region.  For  tensile  specimens^ 
2-1/4  Inch  lengths  were  cut  from  the  .375  Inch  swaged  rod  and  ground 
to  standard  size  specimens.  Drawings  and  examples  of  the  tensile 
specimens  prepared  are  shown  In  Figures  11  and  12.  For  hot  hardness 


specimens,  circular  (or  2  semi-circular)  disks  1-1/2  inch  in  diam¬ 
eter  by  1/16  inch  to  1/4  inch  thick  were  cut.  For  room  temperature 
hardness  readings  or  recrystalllzatlon  temperature  determinations, 
specimens  1/4  to  1/2  inch  long  were  cut  from  the  swaged  rod  or  sec¬ 
tions  1/8  inch  square  or  larger  were  cut  from  the  rolled  sheet. 

In  addition,  all  of.'  the  material  was  flash  pickled  with 
60-40  HNO3-HF  to  improve  the  surface.  Except  for  the  recrystalli¬ 
zation  temperature  specimens  and  some  of  the  bend- transition  speci¬ 
mens  very  little  of  the  material  was  removed.  In  the  case  of  the 
bend- transition  temperature,  surface  removal  was  found  to  have  a 
pronounced  effect.  While  surface  condition  would  probably  have  an 
effect  on  room  temperature  tensile  specimens,  this  was  not  investi¬ 
gated  for  the  high  temperature  tensile  tests  employed. 


EXPERIMENTAL  RESULTS 


A.  Chemical  Composition 

The  only  interstitials  analyzed  were  carbon  and  oxygen. 
While  Table  V  lists  the  contents  of  all  the  crystals,  a  typical 
analysis  is  shown  below  based  on  PE  (an  unalloyed  crystal  of  [111] 
orientation) . 


Starting 

Crystal 

Rod 

Sheet 

Powder 

After  Growins 

After  Swaxins 

After  Rolllnx 

Carbon 

70 

10 

4 

5 

Oxygen 

400 

24 

10 

32 

This  is  a  rather  typical  crystal  since  the  carbon  and  oxygen 
contents  in  the  as-grown  crystal  are  both  on  the  order  of  10  to  30  ppm. 
After  working  the  carbon  content  drops  appreciably  while  the  oxygen  con¬ 
tent  remains  about  the  same.  The  oxygen  content  varies  randomly  both 
axially  and  radially  and  the  method  of  sample  preparation  was  found  to 
be  quite  critical. 

Alloying  elesients  with  the  exception  of  Ti  appeared  to  have 
close  to  the  desired  amount  present.  There  also  seemed  to  be  a  fairly 
homogeneous  distribution  of  the  alloying  element;  however,  the  seed 
end  analyzed  slightly  higher  in  the  majority  of  cases.  With  the  addi¬ 
tion  of  bbmpounds  TaC,  ThOz  and  KeSiOs  +  AI2O3  only  the  TaC  remained 
in  a  large  enough  percentage  to  be  determined  accurately.  In  the  case 
of  a  2Z  addition  of  Th02  to  the  starting  powder  only  0.015%  Th  was  found 
in  the  final  crystal.  In  all  cases  the  compound  additions  permitted  the 
growth  of  single  crystals.  There  was  no  significant  change  in  the  con¬ 
centration  of  an  alloying  agent  as  a  result  of  working. 


B.  fabrication 


The  working  of  all  the  crystals  In  the  prograsi  are  described 
In  Tables  VI  and  VII.  If  fracture  occurred  dtirlng  working.  It  was  rel- 
atlvely  simple  to  determine  If  failure  was  caused  by  cleavage  or  boun¬ 
daries.  The  difference  Is  Illustrated  In  Figures  13  and  14.  If  the  aw- 
tarlal  had  a  high  degree  of  mlsorlentatlon  or  a  second  phase.  It  tended 
to  fracture  along  boundaries.  If  the  material  became  too  cool  during 
working  or  If  there  were  stress  reisers  present,  the  material  tended  to 
cleave,  bamples  of  the  sheet  and  rod  obtained  are  shown  In  Figure  15. 

Most  of  the  fabricating  was  done  at  approximately  the  same 
furnace  temperature  (1200*C).  At  this  tsaq>erature  three  Itesm  seemed 
tc  have  thm  anst  pronounced  effect  upon  fabrlcablllty:  cheadcal  coi- 
poaltlon,  esMunt  of  adsorlentatlon  across  bo\mdarles,  and  orientation. 

Cheadcal  coaiposltlon  seemed  to  have  an  iatportant  effect,  es¬ 
pecially  In  the  case  of  alloys.  Coluaiblum  In  the  presence  of  over  50 
ppm  carbon  and  Hf  additions  produced  material  which  was  brittle.  Gener¬ 
ally,  the  effect  of  alloying  elements  was  to  Increase  the  amount  of  ads¬ 
orlentatlon.  This  was  even  more  pronounced  In  the  larger  diameter  crys¬ 
tals  since  In  all  four  cases  of  Mb  addition  the  auiterlal  could,  hot  be 
forged  or  swaged.  An  addition  of  IX  Zr  or  Ir  produced  extreamly  brittle 
polycrystalllne  auiterlal  lAlch  could  not  be  forged.  Titanium  additions 
had  the  least  effect  of  this  type  and  large  diameter ic:rystals  of  this 
alloy  forged,  rolled  and  swaged  comparatively  easily.  This  might  be 
related  to  the  lower  per  cent  retention  of  Tl.  Since  the  Interstitial 
contents  were  all  fairly  uniform  no  correlations  can  be  drawn  on  the 
Influences  of  those  eleawnts.  However,  when  100  ppm  carbon  was  pre¬ 
sent  with  Ta  or  TaC  the  crystals  swaged  easily. 

The  aaiount  of  adsorlentatlon  Is  also  quite  critical.  This 
is  anticipated  In  view  of  the  known  laiposslblllty  of  fabricating  poly¬ 
crystalllne  tungsten  under  these  conditions.  While  this  was  not  ex- 
tauslvely  studied,  the  only  unalloyed  materials  which  fractured  were 
those  with  adsorlentatlons  greater  than  5*. 

The  effect  of  orientation  on  fabrication  Is  not  yet  coiiq>letely 
clear.  This  Is  particularly  true  In  the  case  of  forging  and  rolling. 

One  of  the  probleiss  was  that  only  the  rolling  direction  was  taken  Into 
account  and  forging  Is  a  non-unlfoxm  type  of  deformation.  One  remedy 
would  be  to  grind  flats  onto  the  cylinders  rather  than  forge  them.  Of 
the  limited  number  of  crystals  swaged,  the  [110]  orientation  had  the 
greatest  tendency  to  break  Intergranular ly  and  the  [100]  swaged  easiest. 
Unfortunately,  the  [100]  had  a  grave  tendency  to  cleave  during  the  cen¬ 
terless  grinding  operation.  Two  of  the  four  [100]  crystals  prepared 
failed  during  this  operation.  This  Is  probably  due  to  the  (100)  plane 
being  the  cleavage  plane. 


-8- 


C.  Mechanical  Property  Data 


Specimens  for  tensile  tests  were  ground  from  the  rod  swaged 
to  0.375"  and  from  the  sheet  rolled  to  0.040".  All  of  the  tensile  test 
data  Is  .listed  In  Tables  Vlll  to  X.  In  attempts  to  obtain  machlnablllty 
data,  a  number  of  the  specimens  were  lost;  consequently,  only  the  radii 
were  machined  and  then  a  diamond  tool  was  employed.  Aftei;  preparation 
the  test  specimens  were  flash  pickled.  The  final  shape  of  the  speci¬ 
mens  Is  shown  In  Figure  12. 

The  single  crystals  compared  quite  favorably  with  the  base 
line  polycrystalllne  specimen  X-1  at  all  of  the  temperatures  examined. 

The  [111]  orientation  appears  to  have  the  hlpjiest  strength  aaiong  the 
unalloyed  materials.  Alloying  additions  of  Kb,  Ta,  and  T1  had  greater 
tensile  strengths  than  X-1  which  was  a  section  of  praswaged  conswrclal 
rod  swaged  from  0.500"  to  0.375"  In  the  same  apparatus  used  for  the 
single  crystals.  The  ThO^  doped  crystals  also  had  high  tensile  strengths. 

Hot  hardness  speclswns  were  also  prepared  and  measuresMnts 
taken.  The  results  obtained  are  listed  In  Table  XI.  Only  a  few  of  the 
crystals  were  tested  In  this  stanner.  The  readings  are  a  good  Indica¬ 
tion  of  the  high  tesqterature  strength. 

Room  temperature  hardness  values  have  been  obtained  on  swaged 
material  at  various  degrees  of  reduction.  The  trend  of  work  hardening 
Is  shown  In  Figure  16.  Some  specimens  have  also  been  obtained  from  the 
material  which  was  forged  and  rolled,  vnille  hardness  values  are  not  as 
complete  for  this  method  of  fabrication,  the  trend  seams  to  be  the  same. 
Work  hardening  Is  rapid  In  the  early  stages  of  reduction,  followed  by  a 
relative  Insensitivity  to  further  work.  A  sanqple  data  sheet  Is  shown 
In  Table  XII. 

Ductile-brittle  transformation  temperatures  were  determined 
by  means  of  a  bend  test.  Essentially  three  point  loading  was  used.  A 
0.040  Inch  sheet  was  bent  90  degrees  around  a  3-T  (3  times  the  thick¬ 
ness)  radius.  The  transition  temperatures  were  determined  on  a  go  no-go 
basis,  and  are  listed  In  Table  XIII.  A  sample  data  sheet  for  two  of 
the  specimens  Is  shown  In  Table  XIV.  The  small  diameter  crystals  were 
all  forged  to  about  0.250  Inch  from  about  0.500  Inch  and  then  rolled 
to  0.040  Inch.  Crystals  of  larger  diameter  were  forged  to  about  0.450 
Inch  from  about  1.050  Inch  and  then  rolled  or  cross  rolled  (DC)  to 
0.040  Inch.  The  bending  apparatus  la  adjusted  to  a  load  rate  of  15 
pounds/minute.  The  specimen  Is  prepared  and  mounted  so  that  the  strain 
race  Is  also  approximately  constant  through  the  elastic  region.  Tem¬ 
peratures  reported  are  for  as-worked  sheet  followed  by  flash  pl'ckllng. 

Some  qualitative  results  on  the  effect  of  surface  removal  were 
obtained.  Those  specimens  which  were  only  sand  blasted  had  a  transi¬ 
tion  temperature  about  300*C.  With  less  than  0.001"  removed  from  the 
surface  by  pickling  In  60-40  HNO3-HF  the  temperature  drops  to  about 
200-250*C.  The  lower  value  is  obtained  from  [100]  and  [210]  orientations. 
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However,  with  0.003”  removed  from  surface  the  transition  temperatures 
appear  to  be  In  the  neighborhood  of  100*C. 

D.  Recrystalllzatlon  Behavior 

Recrystalllzatlon  temperatures  based  on  Isochronal  anneals 
have  been  deterzdLned  for  the  worked  materials.  These  temperatures  are 
listed  In  Table  XV.  A  sample  data  sheet  Is  shown  In  Table  XVI.  The 
criterion  used  for  recrystalllzatlon  was  1001  of  the  microstructure 
composed  of  recrystallized  grains.  Hardness  readings  In  Rockwell  A 
were  also  taken  as  a  check;  however.  In  some  cases  the  material  became 
so  brittle  that  It  shattered  under  the  Impact  of  the  test.  For  this 
reason.  It  was  felt  that  room  temperature  hardness  readings  could  not 
be  accurately  used. 

Results  for  representative  samples,  alloyed  and  unalloyed,  are 
shown  graphically  In  Figures  19a,  19b,  20a  and  20b.  From  these  graphs 
one  can  sae  the  potential  Inconsistencies  of  using  hardness  readings  ex¬ 
clusively.  The  progress  of  recrystalllzatlon  Is  shown  In  Figures  17  and 
18  for  both  iinalloyed  tungsten  and  alloyed  tungsten. 

On  a  number  of  the  specimens  the  presence  of  deforMtion  bands 
are  noted.  Sosw  exaBq>les  are  shown  In  Figures  21-23.  Since  such  bands 
are  not  always  apparent.  It  Is  possible  that  orientation  plays  an  Im¬ 
portant  role  In  the  deforziatlon  process  and  the  properties  obtained  af¬ 
ter  deformation.  This  Is  further  Illustrated  by  the  difference  in  re¬ 
crystalllzatlon  temperatures  listed  In  Table  XV.  For  example,  PHA  and 
PKA  were  both  swaged  to  about  60X  R.A.  and  PHA  (100)  had  a  recrystalll¬ 
zatlon  temperature  of  177S*C  while  PKA  (110)  had  a  recrystalllzatlon 
temperature  of  only  1650*0.  Although  this  difference  Is  significant, 
other  orientations  e.jj^. ,  PEB  (111)  showed  about  the  sasm  recrystalllza- 
tlon  teaq>erature  as  PHA  and  a  such  higher  tensile  strength.  On  this 
basis  and  on  comparing  the  tensile  strengths  at  1000*0  of  the  swaged 
crystals  with  their  recrystalllzatlon  temperature  a  direct  correlation 
Is  not  evident.  However,  all  of  the  alloys  with  high  tensile  strength 
at  1000*0  also  had  high  recrystalllzatlon  temperatures.  The  relation¬ 
ship  Is  shown  In  Table  XVll. 


DISOUSSION 

A.  Oheadcal  Oosposltlon 

On  the  basis  of  the  results  listed  In  Table  V  the  purity  of 
the  unalloyed  crystals  ranged  between  99.97.  and  99.99+%  W.  The  alloys 
were  similar  In  composition  except  for  the  addition  element.  In  sosm 
cases  (RA-RF)  care  was  taken  to  produce  high  purlty-hlgh  perfection 
(crystallographlcally)  single  crystals.  These  materials  did  not  have 
any  features  highly  distinguishable  from  those  prepared  In  the  nonaal 
manner.  Since  the  carbon  and  oxygen  contents  were  consistently  quite 
low  and  the  metallic  impurities  varied  randomly,  no  effect  of  trace 
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elements  could  be  observed.  This  does  not  Imply  that  higher  pur¬ 
ity  material  will  not  have  different  properties  and  Improved  fabri¬ 
cation.  It  does  Indicate,  however,  that  the  ranges  5-25  ppm  car¬ 
bon  and  oxygen  and  50  -  500  ppm  metallic  Impurities  have  essentially 
the  same  fabrlcablllty  and  properties. 

The  effect  of  alloying  agents  can  be  seen  by  an  Inspection 
of  the  tensile  properties  and  recrystalllzatlon  temperature.  In  the 
few  systems  studied,  Nb,  Ta,  and  T1  definitely  Impart  high  tempera¬ 
ture  strength  to  the  material.  Other  additions  have  less  desirable 
effects;  for  example,  Ir  and  Zr  tend  to  make  the  material  polycrys- 
talllne  and  KqSIOs  -f  AI2O3  Impairs  the  high  temperature  strength. 

One  other  Interesting  feature  of  the  analyses  obtained  Is 
the  loss  In  carbon  during  working.  While  the  materials  were  heated 
In  an  argon  filled  muffle,  they  were  worked  In  the  atmosphere.  The 
oxide  coating  which  forms  apparently  decarburlzes  the  tungsten  to  an 
appreciable  extent  In  much  the  same  manner  that  steel  Is  decarburlzed . 
This  Is  believed  to  be  the  only  way  the  carbon  could  have  been  lost 
for  the  starting  material  either  showed  no  difference  In  the  radial 
concentration  of  carbon  or  else  Indicated  that  the  carbon  concentra¬ 
tion  was  higher  In  the  Interior.  With  a  higher  carbon  concentration 
In  the  Interior  one  would  expect  an  Increase  In  the  amount  of  car¬ 
bon  present  after  working  since  the  surface  Is  removed.  Another  fac¬ 
tor  which  points  to  a  skin  effect  Is  the  slight  and  random  changes  In 
oxygen  concentration  before  and  after  working. 

B.  Fabrlcablllty 

The  fact  that  single  crystals  of  tungsten  and  Its  alloys  are 
easily  fabricated  at  1200*C  Is  pointed  out  by  Tables  VI  and  VII.  Of 
the  65  crystals  placed  In  the  program  only  18  broke.  Of  the  18  which 
fractured  the  major  problem  was  polycrystalllnlty  or  mlsorlentatlons 
caused  mainly  by  the  alloying  agents.  The  (100)  orientation  seemad 
to  swage  well;  however,  2  of  the  4  crystals  cleaved  during  center¬ 
less  grinding.  One  crystal  broke  due  to  poor  surface  preparation  - 
which  Is  also  critical. 

The  biggest  percentage  of  failures  occur  during  the  swaging 
operation.  The  massive  swaging  dies  cool  the  material  and  the  tem¬ 
perature  drops  rapidly.  One  observes  this  readily  by  noticing  the 
rapid  change  In  color.  In  the  forging  and  rolling  operations  the 
tungsten  Is  not  In  continuous  contact  with  colder  materials  and  con¬ 
sequently  does  not  cool  as  rapidly.  With  this  In  mind.  It  appears 
that  by  keeping  the  swaging  dies  hot,  the  number  of  failures  for 
good  quality  single  crystals  would  be  negligible. 
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Mechanical  Properties 


Tungsten's  properties  are  difficult  to  correlate  due  to 
the  Importance  of  effects  such  as  composition,  strain  rate,  and  sur¬ 
face  preparation.  The  Importance  of  surface  preparation  was  evi¬ 
dent  early  In  the  program  when  Its  pronounced  effect  upon  fabrl- 
cablllty  was  ascertained.  Unless  care  was  taken  In  the  preparation 
of  the  material  for  working,  there  was  little  probability  of  suc¬ 
cessfully  swaging  or  forging  the  crystals.  This  effect  was  also 
pointed  out  during  the  ductile-brittle  transition  temperature  tests 
where  proper  preparation  of  the  surface  lowered  the  transition  tem¬ 
perature  by  as  much  as  200*0. 


Mechanical  properties  of  single  crystal  tungsten  and  Its 
alloys  show  It  to  be  comparable  to  polycrystalline  material.  Ten¬ 
sile  strengths  when  compared  with  X-1,  the  polycrystalline  rod  added 
for  comparison,  or  with  values  In  the  literature  are  similar.  There 
Is,  of  course,  an  effect  of  orientation,  with  the  (100)  having  the 
lowest  strength.  This  is  In  rough  agreement  with  the  work  of  Ferrlss 
et.  al. ,  whose  specimens  were  not  previously  worked. 

Ductile-brittle  transition  temperatures  also  Indicate  that 
single  crystals  after  working  performed  In  a  manner  similar  to  tung¬ 
sten  prepared  by  other  processes.  Although  single  crystals  of  tung¬ 
sten  have  been  reported  as  ductile  at  room  temperatureV^®H27)(25)(26) 
these  were  not  previously  worked  to  any  appreciable  extent.  The  tran¬ 
sition  temperatures  reported  have  ranged  from  150-450*0  with  a  high 
purity  material  reported  to  have  a  transition  temperature  close  to 
200*0^^^' .  Some  of  these  temperatures  have  been  based  upon  tensile 
tests  and  consequently  there  Is  no  direct  correlation  with  the  bend 
transition  test  used  here;  however,  the  relative  ductility  should  re¬ 
main  unchanged.  For  example,  Atkinson' notes  a  decrease  In  tran¬ 
sition  temperature  of  about  100*0  as  the  purity  of  the  material  In¬ 
creases,  while  Stephens reports  a  decrease  in  the  ductile-brittle 
transition  temperature  of  about  150*0  as  the  outer  surface  Is  removed. 
Thus,  a  lowering  of  the  transition  temperature  of  worked  single  crys¬ 
tals  of  high  purity  to  about  100*0  upon  appropriate  surface  treatment 
appears  consistent. 


The  validity  of  hot  hardness  tests  as  a  useful  measure  of 
high  temperature  strength  has  already  been  established. Such 
measurements  on  worked  crystal  produce  results  which  correlate  quAll- 
tatlvely  with  tensile  strength  and  recrystalllzatlon  temperature 
(Table  XI).  It  should  be  noted  that  differences  In  recrystalllzatlon 
temperatures,  tensile  tests,  and  hot  hardness  values  were  not  large 
enough  for  a  quantitative  evaluation. 


Room  temperature  hardness  data  were  less  useful  because  of 
the  brittleness  of  the  material  below  Its  transition  temperature.  This 
produced  considerable  scatter  in  such  data.  Table  XII  Illustrates  a 
system  which  was  fairly  well  behaved. 
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D.  Recrystal ll«>tlon  Studies 


Using  micros tructure  and  1/2  hour  Isochronal  heats,  re- 
crystalllsatlon  temperatures  were  determined.  These  ranged  from 
about  1500  to  2200*C  depending  upon  the  alloy  and  amount  of  re¬ 
duction.  Since  the  concept  of  recrystalllzatlon  and  recrystalll- 
aatlon  temperature  varies  throughout  the  llterature*(28),  it  was 
decided  to  use  a  comparatively  simple  method  (metallographlc  ob¬ 
servation),  a  short  time  (1/2  hour)  which  would  permit  the  entire 
specimen  to  arrive  at  temperature  and  yet  Increase  the  tenqperature 
spread  between  specimens,  and  a  method  which  was  easily  reproducible. 
The  purpose  of  determining  the  recrystalllzatlon  temperature  was  to 
affect  a  correlation  between  high  temperature  strength  and  micro- 
structure.  Furthermore,  recryatalllzed  grain  structure  has  been 
found  to  have  a  pronounced  effect  upon  the  creep  resistance  of  tung¬ 
sten  at  least  In  wire  form. 

The  correlation  of  recrystalllzatlon  taaperature  with 
tensile  strength  Is  shown  In  Table  XVII.  By  the  method  of  least 
squares  an  equation  for  the  recrystalllzatlon  temperature  of  [111] 
unalloyed  tungsten  was  derived. 

y  (Recrystalllzatlon  Temp.)  -  a  -f  b  x  (Z  Reduction  In  area) 

where  a  ■  1885*C  and  b  -3*/Z  Reduction  In  area 

This  equation  yielded  results  within  100*C  for  all  of  the  unalloyed 
crystals  betwaen  20  and  80Z  R.A.  If  one  assuzies  the  seam  sort  of 
relationship  for  the  alloyed  crystals,  with  a  change  only  In  the 
constant  a  the  difference  in  the  recrystalllzatlon  temperature  for 
the  reduction  In  area  employed  (45-62Z)  Is  almost  within  the  experi¬ 
mental  error  of  ^  35*C. 

It  should  be  noted  that  all  of  the  materials  which  re- 
crystalllza  at  a  low  teBq>erature  also  have  quite  low  tensile  strengths. 
Thtis,  recrystalllzatlon  tasq>erature  could  be  utilized  to  eliminate 
studies  of  alloy  systesis  which  are  not  promising  from  the  strength 
point  of  view. 

E.  Future  Work 


Additional  effort  should  be  expended  to  obtain  retardant 
recrystalllzatlon  textures  such  as  have  been  found  for  Iron  alloys. 
Other  techniques  could  also  be  employed  to  retain  the  single  crystal 


*  In  all  cases  It  Is  a  thermally  activated  stress  relieving  phenomena 
and  the  temperature  where  this  phenomena  starts,  stops,  or  Is  50% 
complete  after  a  given  length  of  time. 
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nature  of  the  starting  Ingot.  Some  ideas  along  this  line  Include 
Intermediate  heat  treatments  for  100%  recovery  with  no  recrystalll- 
zatlon  (recrystalllzatlon  jji.  situ. ) .  hot  working  via  large  re¬ 
ductions  a  material  with  a  low  recrystalllzatlon  temperature,  and 
starting  with  a  number  of  small  single  crystals  grown  In  a  con¬ 
figuration  close  to  the  final  desired  dimension  so  only  a  small 
amount  of  cold  work  has  to  be  employed. 

Additional  work  would  also  be  profitably  employed  on 
other  alloying  combinations.  This  Includes  more  concentrated  ad¬ 
ditions  of  Tl,  Ta,  and  Nb,  which  Indicated  good  high  temperature 
properties  In  dilute  form,  and  other  additions  such  as  Re  which 
have  been  studied  extensively  In  polycrystalline  form. 

Further  extensive  studies  of  surface  preparation  con¬ 
ducted  In  a  quantitative  manner  Is  also  desirable. 


CONCmsIONS 


1.  Lower  temperatures  and  standard  silll  aqulpswnt  can  be 
utilized  for  fabrication  of  single  crystals  of  unalloyed 
tungsten  and  several  dilute  solid  solutions. 

2.  The  arc  Vemeull  method  of  consolidation  produces  material 
of  reasonably  high  purity.  This  Is  Important  not  only  from 
a  fabrication  standpoint  but  also  because  It  permits  pre¬ 
paration  of  consistent  materials  which  are  low  In  Intersti¬ 
tial  content. 

3.  The  addition  of  small  concentrations  of  alloying  elements 
produces  material  with  good  high  temperature  strengths. 

4.  The  strength  and  ductility  of  worked  single  crystal  tung¬ 
sten  compares  favorably  with  polycrystalline  tungsten  of 
similar  composition  produced  by  other  methods.  For  worked 
specimens  with  a  fair  amount  of  surface  removed  the  bend 
transition  temperature  is  close  to  100*C. 

5.  The  results  obtained  support  other  observations  that  re¬ 
moval  of  contaminated  or  micro-cracked  surface  layers 
enhances  the  ductility  and  fabrlcablllty  of  tungsten  and 
Its  alloys. 
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TABLE  I 


SWAGING  TESTS  WlHi 

SINGLE  CRYSTAL  TUNGSTEN 

WITHOUT 

PRIOR  ANNEAL* 

Orientation 

Temperature 

Observation 

(110) 

600*C(1110*F) 

Broke  on  first  pass 

(110) 

700*C(1290.*F) 

15.7%  partial  reduction  before 

breaking 

(100) 

700*C(1290*F) 

38.5%  partial  reduction  before 

breaking 

(111) 

700*C(1290*F) 

35.1%  partial  reduction  before 

breaking 

(100) 

1000*C(1830*F) 

55%  reduction,  swaged  easily 

(111) 

1000*C(1830*F) 

37%  reduction,  swaged  easily 

(210) 

1000*C(1830*F) 

51%  reduction,  swaged  easily 

*  Powder  metallurgy  W  requires  about  1500*C  (2730*F)  while  arc-melted 
W  requires  about  1700*C  (3090*F)  to  swage.  The  swaging  temperature 
of  arc-melted  W  after  Impact  extrusion  can  be  lowered  to  1450*C  (2640*F). 


TABLE  II 

SWAGING  TESTS  ON  SINGLE  CRYSTAL  TUNGSTEN 
AFTER  STRESS  RELIEF  AT  1700*C  FOR  ONE  HOPE 


Orientation 

(100) 

(100) 


Temperature 

900*C(1650*F) 

^700*C(1290*F) 


Observation 
Swaged  easily 
Swaged  easily 
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TABLE  III 

SQHE  PBOPERTIIS  OF  TUNGSTEH  PREPARED  BT  VARIODS  METBOD8 


Pronartv 

*Linde 

Orystal^^*'^ 

Powder  Met. 

Zone-Refined 

Single 

Crystals 

Arc  Melted 

U.T.S.  at  150*C 

118,300 

124,800(®) 

16,000 

132,000*** 

122,200^®^ 

Y.S.  at  150*C 

105,100 

123,800 

119,100 

Rad  Area  at  150*C 

6.0% 

1.2 

0-16%<10) 

1.9 

U.T.S.  at  1200*C 

35,000 

25,000^^°^ 

55,000(®®) 

Y.S.  at  1200*C 

34,000 

12,000 

52,000 

Elong.  at  1200*0 

10% 

13.0% 

U.T.S.  at  1650*0 

10,000 

13,000^^°^ 

14, 000 

Y.S.  at  1650*0 

10,000 

7,500 

9,800 

Elong.  at  1650*0 

** 

32% 

42% 

*  Approximately  1/2  inch  diameter  arc-Verneull  grown  crystal, 
sample  surface  mechanically  ground. 

Tensile 

**  Ohisel-like 

deformation 

***  These  were  tested  at  100*0 

and  were  of  various  orientations 

The 

highest  strength  recorded  Is  for  a  specimen  with  a  [111]  axis. 


All  strengths  reported  are  in  psi. 
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TABLB  IV 


1.  ) 


mirHAMTCAL  PROPERTY  TESTS  OF  W  ALLOYS— POLYCBYSTALLINE 
1650*C  (  3000*F)  Strain  Rate  0.02  min."^ 


Yield 

0.2%  Offset 
pei 

Ultinate 

Tensile 

Strength 

P»i 

Elongation 

% 

Reduction 

Area 

% 

Arc  Malted  W 

9,800 

14,000 

41.8 

98 

Powder  Metallurgy  W 

7,500 

13,400 

32.0 

40.5 

W  +  0.005%  Tt 

13,700 

17,100 

36.0 

98 

W  +  0.12%  Zr 

40,800 

47,700 

16.0 

38.9 

W  +  0.57%  Nb 

50,000 

60,600 

20.2 

81.7 

W  +  0.88%  Mb 

45,000 

46,100 

15.4 

84.5 
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TABLE  V 


CHEMICAL  ANALYSES  OF  TUMGSTEN  AND  TUNGSTEN  ALLOYS 


Explanation  of  Term*! 

-  -  None  determined  (Analysis  was  tried  and  the  amount  present 

was  below  the  limit  of  detectlbllity.) 


N.A. 


A.R. 


A.S. 


-  Not  analysed 

-  As  rolled  (the  crystal  was  first  forged  and  then  rolled. 

The  analyses  was  determined  after  working.) 

-  As  swaged  (the  crystal  was  swaged  and  the  analysis  was 

determined  after  working.) 


Seed  End  -  The  section  of  the  crystal  which  was  grown  first. 


Cap  End 


-  The  section  of  the  crystal  which  was  grown  last. 


[hkl] 


-  The  Miller  indicies  of  the  growth  direction  of  the  axis 
of  the  crystal. 


-4, -3, -2  -  The  amount  of  an  element  present  as  determined  by  emission 

spectroscopy.  Accuracy  is  within  an  order  of  magnitude, 
e.j[, ,  -3  stands  for  10"^  to  10“^. 

A.G.  -  As  grown  (the  crystal  was  analysed  after  growth  but  prior 

to  any  mechanical  work.) 


All  percents  given  are  weight  %.  All  percents  are  followed  by  a 
percent  sign.  All  other  data  is  in  parts  per  million. 

The  lindts  of  detection  of  Fe  and  Si  is  approximately  O.OOIX  (10  ppm) 
and  of  Mo  is  approximately  0.005%  (50  ppm)  in  a  tungsten  matrix. 

Carbon  and  oxygen  contents  are  accurate  to  t  10%  above  20  ppm  and 
accurate  to  t  100%  below  5  ppm. 
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111  .6%  Nb  X  Had  a  very  low  interstitial  content  and  low 

mis  orientation . 
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XI  Polycrystalline  Unalloyed  X  Comnercial  purity  swaged  tungsten  rod  added  to  pro¬ 

gram  for  comparison. 
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TABLE  Vlll 


I  ) 


TENSILE  PROPERTY  DATA  AT  1000*C  ON  SWAGED  ROD 


Cryital 

Axl« 

Nominal 

Camposltion 

Y.S. 

DSl 

U.  T.  S. 
pal 

X  Elongation  1" 

RK 

111 

0.6X  Nb 

77,400 

77,400 

12.7 

DE 

111 

IX  Ta 

75,100 

75,100 

8.1 

PB 

111 

Unalloyed 

66,700 

66,900 

7.8 

DQ 

111 

IX  Ti 

60,700 

63,500 

10.7 

PEB 

111 

Unalloyed 

58,200 

61,400 

4.7 

X-1 

Polycryi- 

talllne 

Unalloyed 

55,700 

61,000 

13.4 

DX 

111 

3X  Th02 

59,500 

60,200 

10.0 

DK 

111 

2X  ThOg 

59,700 

59,700 

6.0 

KA 

111 

Unalloyed 

58,000 

58,000 

10.5 

PN 

112 

Unalloyed 

57,800 

57,900 

10.6 

PK 

110 

Unalloyed 

56,600 

56,700 

10.5 

PL 

210 

Unalloyed 

48,800 

49,000 

12.6 

PH 

100 

Unalloyed 

45,300 

45,300 

11.6 

PFB 

210 

Unalloyed 

44,200 

44,200 

5.4 

DM 

111  2X(KeS103+Al203) 

38,600 

38,600 

6.0 

NOTE: 

All  of  the 

swaged-  rod  had  50-60X 

reduction  In 

area  by  swaging. 
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TABLE  U. 


TEMSILI  PBOPERTY  DATA  AT  482»C  ON  SWAGED  ROD 


Crystal 

Axis 

Nosilnal 

Conposltlon 

Y.S. 

bjJL. 

U.T.S. 

7m  Elonaation  1'* 

PEB 

111 

Unalloyed 

81,800 

88,600 

6.0 

DQ 

111 

IT  T1 

79,900 

84,300 

13.8 

DX 

111 

31  ThOg 

82,500 

84,000 

13.0 

XI  Polycryatalllne  Ihialloyad 

71,200 

80,500 

14.2 

BC 

111 

Unalloyed 

69,500 

73,100 

8.0 

BA 

111 

Dtaalloyad 

69,000 

71,200 

10.7 

PFB 

210 

Oealloyad 

58,200 

61,700 

7.5 

PH 

100 

Unalloyed 

50,700 

53,200 

15.8 
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TABLE  X 


i  ) 


TINSIU  PBOPEKTIIS  OF  TUHSSTEN  SHEET  ROLLED  FROM  SINGLE  CRYSTALS 


rytel 

Noainel 

CaaDoeition 

Growth 

Direction 

Taating 

Ta^p., 

•c 

Yield 
Strength 
in  Knii 

Ultimate 
Strength 
in  Kpei 

Percent 
Elongation 
in  1-inch 

DB 

Unalloyed 

(111) 

482 

107.0 

136.5* 

2 

482 

105.3 

141.0 

4 

* 

1000 

52.0 

81.6 

4 

1000 

71.1 

88.9 

6 

DV 

Unalloyed 

(111) 

482 

72.0 

111.5 

7 

482 

88.9 

122.9 

6 

1000 

47.9 

78.3 

4 

1000 

72.3 

97.3 

5 

1260 

37.6 

41.0 

6 

PEA 

Unalloyed 

(111) 

482 

126.1 

155.8 

5 

482 

136.7 

148.1 

5 

1000 

70.2 

88.0 

5 

1000 

71.6 

82.3 

5 

OA 

Unalloyed 

(111) 

482 

91.6 

135.8 

3 

482 

52.4 

77.9* 

2 

1000 

50.9 

92.7 

7 

1000 

54.2 

84.6 

6 

RF 

Unalloyed 

(111) 

482 

134.9 

149.5 

3 

482 

107.9 

139.7 

5 

1000 

84.6 

99.2 

6 

1000 

71.7 

95.3 

4 

1260 

47.8 

66.4 

6 

PFA 

Unalloyed 

(210) 

482 

105.2 

149.9 

5 

1000 

48.1 

82.3 

5 

PDA 

Unalloyed 

(100) 

482 

131.2 

161.2 

9 

1000 

6  .3 

82.3 

7 

1260 

26.6 

32.7 

17 

DZ 

17.  Ta 

(111) 

482 

185.0 

218.0* 

2 

482 

105.0 

123.0 

4 

1000 

78.0 

127.0 

4 

1000 

86.1 

125.0 

4 

*  Specimen  felled  in  the  teb. 
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TABLB  XI 


■AKDIBSS  VAUJKl  VOSnS  TBgBKAIDBI  fPE  SEOI  BAR 


CKqiAL 

FM 

PE 

PF 

PG 

PD 

Allorln^  i§ent 

Unalloyed 

Otaalloi 

red 

Ihial  loved 

Dhal loved 

Dlnal  loved 

Qrovth  Orientation 

(21o5 

.  (111! 

L- 

(210^ 

(iii5 

(ioo3 

Hardness  Talus  at  - 

900*F 

150 

214 

- 

182 

182 

lOOO^F 

147 

201 

205 

172 

172 

1100*F 

140 

205 

197 

163 

170 

1200*F 

133 

193 

182 

163 

163 

1300*F 

131 

199 

175 

159 

161 

1400*F 

110 

172 

162 

150 

153 

1500*F 

110 

172 

156 

153 

143 

1600*F 

98.8 

150 

145 

157 

139 

1700*F 

98.8 

145 

129 

127 

123 

1800*F 

100 

145 

131 

125 

114 

1900*F 

97.4 

131 

117 

116 

111 

2000*F 

90.7 

121 

100 

116 

97.4 

2100*F 

94.6 

103 

73.4 

101 

91.0 

2200*F 

98.8 

85.8 

69.8 

94 

75.8 

2300*F 

88.2 

45.9 

49.6 

85 

46.4 

2400*F 

57.9 

39.7 

44.6 

43 

40.9 

NOTE: 


The  herdneee  valuee  given  above  are  in  arbitrary  units  and  therefore 
are  of  a  relative  nature. 


TABLE  XII 


SAMPLE  DATA  SHEET  ON  BOOM  TEMPERATTOE  HARDNESS 

Crystal:  DD  Orlantatlon:  (111) 

CiMposltlon:  Unalloyed  large  diasMter 


Procedure:  Center less-ground  pickled  swaged 

Dlasieter  prior  to  swaging  -  0.903  In-. 

Area  prior  to  swaging  -  0.64  square  Inches 


Percent  Work 

&A  Hardness  Alona  Radius 

Averaae  Hardness 

0 

65.3, 

66.9, 

66.3 

66.2 

11.4 

68.9, 

68.1, 

68.5 

68.5 

32.5 

68.0, 

68.9, 

70.0 

69.0 

42.0 

67.1, 

66.9, 

68.9 

67.6 

52.1 

72.0, 

71.2, 

71.1 

71.4 

65.7 

70.9, 

70.1, 

70.1 

70.4 

69.8 

72.0, 

71.9, 

71.9 

71.9 

73.9 

71.8, 

71.8, 

72.1 

71.9 

77.2 

71.8, 

71.6, 

71.9 

71.6 

80.4 

68.0, 

70.0, 

68.9 

69.0 

83.8 

71.3, 

71.0, 

70.9 

71.1 
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TABLE  XIII 


DOCTILB- BRITTLE  TRAMSfOBUTION  TaiPlBATDKB 

Tranaltlon  Transition 
Noalnal  Taaparature  Teaparatura 
Spaclaan  A«la  Coapoaltlon  *P  *C _ 

WO  SBITACE  RaPRAL 


PGA 

111 

Onalloyed 

525 

274 

PGB 

111 

Dnalloyed 

575 

302 

FLASl  PICKLE 

PGC 

111 

Unalloyed 

425 

219 

PI 

100 

Unalloyed 

400 

204 

PIX 

100 

Unalloyed 

525 

274 

PFA 

210 

Unalloyed 

400 

204 

X-2 

110 

Unalloyed 

>400 

>204 

PJA 

110 

Unalloyed 

425 

219 

PJB 

no 

Unalloyed 

425 

219 

PEA 

111 

Unalloyed 

450 

232 

PM 

210 

Unalloyed 

475 

246 

RB 

Ill 

Unalloyed 

500 

260 

RD 

111 

Uhalloyed 

500 

260 

PDA 

100 

Unalloyed 

550 

288 

DP 

111 

Unalloyed 

550 

288 

RF 

111 

Unalloyed 

575 

302 

DC* 

111 

Dhalloyed 

575 

302 

DB* 

111 

Unalloyed 

600 

316 

DB* 

111 

Unalloyed 

500 

260 

DB* 

111 

Unalloyed 

375 

191 

Uf 

111 

KeSiOgfAlaOs 

375 

191 

RT 

100 

.61  Rb 

375 

191 

DR* 

111 

IZ  Ti 

450 

232 

DG 

111 

IZ  Ti 

475 

246 

RL 

111 

.6Z  Rb 

500 

260 

RD 

111 

.6Z  Mb 

550 

288 

RT 

111 

.6Z  Mb 

550 

288 

RV 

111 

.6Z  Mb 

550 

288 

DP 

111 

0.38Z  Ta 

550 

288 

DF 

111 

IZ  Ta 

525 

274 

DL 

111 

IZ  ThO^ 

'575 

302 

LARGE  AMODNT  OF 

SURFACE  REMOVED 

(0.003”) 

DZ* 

111 

IZ  Ta 

200 

93 

DB* 

111 

Unalloyed 

200 

93 

*  Large  diaaeter  crystals 

NOTE:  Transition  teaparatures  ware  determined  in  teras 
to  approximately  +  13*. 


Remarks 


Cross  rolled;  trans¬ 
verse  speciaen. 

Rot  a  valid  test, only 
two  specimens. 


Cross  rolled;  trans¬ 
verse  speciaen. 

1600*C  1  hr.  prior  test. 
1200*C  1  hr.  prior  test. 


of  *F  and  are  accurate 


TABLE  XIV 


DATA  SHKBT  FOR  DETKHMINIWG  TRAM8ITIOH  TEMPBBATURB 


Unalloyed  Cryital  DB 

Unalloyed  Crystal  PI  [111]  .003'*  Resuved 

[100]  Flash  Pickled  Fran  Surf  Ace 


Temperature  *F 

Test  Results* 

laat  Results* 

Room  Temp. 

X 

150 

x,0 

.'.00 

0,0  -  Transition 
Temperature 

250 

o,x,x,x 

X,0 

300 

0,0,0,t,X 

0 

350 

x,x,x 

400 

0,X  -  Transition  Temperature 

450 

0,0 

500 

0,0 

*  X  -  Specimen  fractured 

0  -  Speclmn  bent  with  no  cracking 
4-  -  Specimen  bent  with  some  cracking 


The  reason  for  some  of  the  crystals  bending  at  300*F  Is  probably 
caused  by  non-\uilform  surface  preparation.  Chesdcal  analyses  were  ob¬ 
tained  on  a  specimen  which  bent  at  300*F  and  one  which  fractured  at  3S0*F. 
No  difference  was  observed.  It  seems  logical  to  conclude  a  surface  ef¬ 
fect  causes  the  scatter. 
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TABLE  XV 


RECRYSTALLIZATION  TKMPEEATUEES 


OF  WORKED  SINGLE  CRYSTALS 

Noalnal 

Type  of 

Recryetallisatira 

Crystal 

Axis 

Composition 

Working 

Temperature  *C  t  35* 

RO 

111 

.61  Mb 

47X  R.A.  Swaging 

2125 

RP 

111 

.6%  Mb 

49X  R.A.  Swaging 

207S 

PKB 

110 

Unalloyed 

lOX  R.A.  Swaging 

202S 

DZ 

111 

3%  TbOz 

56X  R.A.  Swaging 

192S 

PAB 

111 

Unalloyed 

20X  R.A.  Swaging 

1900 

OK 

111 

2X  ThOg 

52X  R.A.  Swaging 

1900 

DO 

111 

0.38X  TaC 

SOX  R.A.  Swaging 

1900 

RK 

111 

.6X  Mb 

SIX  R.A.  Swaging 

1900 

DR 

111 

IX  Ta 

SSX  R.A.  Swaging 

182S 

RC 

111 

Unalloyed 

SOX  R.A.  Swaging 

1800 

OH 

111 

IX  Tl 

S2X  R.A.  Swaging 

177S 

XI  Polycrystallina  Unalloyed 

SOX  R.A.  Swaging 

177S-1800 

PEA 

100 

Unalloyed 

SOX  R.A.  Swaging 

177S 

PBA 

111 

Unalloyed 

S6X  R.A.  Swaging 

17S0 

PCA 

111 

Unalloyed 

SOX  R.A.  Swaging 

17S0 

HI 

111 

Kg  SiOsrfAlg  O3 

SSX  R.A.  Swaging 

172S 

DQ* 

111 

IX  Ti 

SSX  R.A.  Swaging 

1700 

PFB 

210 

Unalloyed 

63X  R.A.  Swaging 

1700 

PEB 

111 

Unalloyed 

62X  R.A.  Swaging 

1700 

PBC 

111 

Unalloyed 

SSX  R.A.  Swaging 

1700 

PBB 

111 

Unalloyed 

SSX  R.A.  Swaging 

1700 

PAC 

111 

Unalloyed 

62X  R.A.  Swaging 

1700 

*  Large  diameter 

-Continued- 
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TABLE  XV  Cont'd 


Crystal 

Axis 

Nominal  i 
Casn>osition 

Type  of  Recrystallization 

Working  Tamparatura  *C  t  35 

RE 

111 

Unalloyed 

60Z  R.A.  Swaging 

1675 

PL 

210 

Unalloyed 

61Z  R.A.  Swaging 

1675 

DD* 

111 

Unalloyed 

78Z  R.A.  Swaging 

1650 

PEA 

110 

Unalloyed 

60Z  R.A.  Swaging 

1650 

PNB 

112 

Unalloyed 

62Z  R.A.  Swaging 

1625 

RA 

111 

Unalloyed 

56Z  R.A.  Swaging 

1575 

RH 

111 

1%  H£ 

20Z  R.A.  Swaging 

1525 

PGC 

111 

Unalloyed 

As  forged 

1650** 

RDf-1 

111 

.6%  Nb 

Rolled  to  .045  in. 

2000 

Rn-2 

111 

.6Z  Nb 

Rolled  to  .063  in. 

2000 

DG 

111 

IZ  Ti 

Rolled  to  .042  in. 

1950 

RV 

111 

.6Z  Nb 

Rolled  to  .044  in. 

1925 

RX 

100 

.6Z  Nb 

Rolled  to  .043  in. 

1900 

RT 

111 

.6Z  Nb 

Rolled  to  .061  in. 

1875 

RD 

111 

Unalloyed 

Rolled  to  .043  in. 

1875 

DF 

111 

IZ  Ta 

Rolled  to  .042  in. 

1850 

RL 

111 

.6Z  Nb 

Rolled  to  .044  in. 

1850 

DP 

111 

0.38Z  TaC 

Rolled  to  .043  in. 

1825 

PFA 

210 

Unalloyed 

Rolled  to  .043  in. 

1775 

PMA-l 

210 

Unalloyed 

Rolled  to  .120  in. 

1775 

DN 

111 

KeSi03^Al203 

Rolled  to  .042  in. 

1750 

PGB 

111 

Unalloyed 

Rolled  to  .041  in. 

1750 

*  Large  diameter 

**  This  value  seems  low  but  it  was  rechecked  by  an  additional  anneal. 
Perhaps  during  hot-rolling  some  stress  is  relieved. 
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TABLE  XV  Cont'd. 

Crystal 

Axis 

Nasd.nal 

CoaBosltlon 

Type  of 
Working 

Recxystalllzatlon 
Tsanerature  *C  t 

PGA 

111 

Unalloyed 

Rolled  to  .042 

In. 

1750 

PDA 

100 

Unalloyed 

Rolled  to  .043 

In. 

1750 

PEA 

111 

Unalloyed 

Rolled  to  .040 

In. 

1725 

PIx 

100 

Unalloyed  Cross 

Rolled  to  .04B 

In. 

1725 

DBA 

111 

Unalloyed 

Rolled  to  .046 

In. 

1725 

DBB* 

111 

Unalloyed 

Rolled  to  .195 

In. 

1725 

DC* 

111 

Unalloyed  Cross 

lolled  to  .045 

In. 

1750 

DZ* 

111 

IX  Ta 

Rolled  to  .045 

In. 

1775 

RB 

111 

Unalloyed 

Rolled  to  .042 

In. 

1725 

RF 

111 

Unalloyed 

Rolled  to  .042 

In. 

1725 

DL 

111 

2X  ThOz 

Rolled  to  .042 

In. 

1725 

PIA 

100 

Unalloyed 

Rolled  to  .056 

In. 

1700 

PJA 

110 

Unalloyed 

Rolled  to  .040 

In. 

1675 

FMB-I 

210 

Unalloyed 

Rolled  to  .032 

In. 

1675 

DR* 

111 

IX  Ti 

Rolled  to  .042 

in. 

1650 

DVC 

111 

Unalloyed 

Rolled  to  .040 

In. 

1650 

X-2 

110 

Zone  refined 
single  crystal 

Rolled  to  .040 

In. 

1650 

PMA-2 

210 

Unalloyed 

Rolled  to  .046 

In. 

1700 

PJB 

110 

Unalloyed 

Rolled  to  .041 

In. 

1625 

*  Larga  dlanater 
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TABLE  XVI 


PMA-1  DM  WJ-l 

[210]  DaAlloyed  [111]  KeS1024'Al203  [111]1%  Mb 

Teaperature  Rollad  to  .120  Inch  Rolled  to  .042  Inch  Rolled  to  .045  Inch 


•c 

Hardness 

R^  Micro* 

Hardness 

R^  Micro* 

Hardness 

R^  Micro* 

Roob 

TeBq>erature 

68.6 

0 

71.6 

0 

71.7 

0 

1250 

65.1 

25 

66.4 

5 

1350 

61.7 

40 

63.1 

60 

69.5 

0 

1500 

60.9 

60 

63.4 

60 

66.3 

20 

1620 

61.2 

75 

60.9 

80 

63.6 

30 

1700 

60.9 

85 

61.7 

95 

1775 

61.2 

100 

60.0 

100 

64.1 

80 

1850 

63.7 

85 

1975 

63.0 

98-100 

2100 

62.7 

100 

Recrjetellisetion 

Teapereture  1775  1750  2000 


*  Micro  ■  percent  recrystelllsed  by  microscopic  observation. 
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TABLE  XVII 


TEMSILB  STRKMGTHS  VS.  RECRYSTALLIZAIIOH  TEMPERATURE 


Specimen  Axle 

1  R.A. 

Nominal 

Composition 

Recrystalli¬ 
sation  Tasip. 

•c 

UTS 

1000*C  psi 

RK 

111 

51 

0.6%  Nb 

1900 

77,400 

DE 

111 

55 

1%  Ta 

1825 

75,100 

PBB 

111 

58 

Unalloyed 

1700 

66,900 

DQ 

111 

86 

1%  Ti 

1700 

63,500 

DX 

111 

58 

3%  ThOg 

1875 

62,800 

PEB 

111 

62 

Unalloyed 

1700 

61,400 

X-1 

Polycrystalline  50 

Unalloyed 

1775 

61,000 

OK 

111 

52 

2%  ThOg 

1900 

59,700 

RA 

111 

56 

Unalloyed 

1575 

58,000 

PN 

112 

62 

Unalloyed 

1625 

57,900 

PK 

110 

60 

Unalloyed 

1650 

56,700 

PL 

210 

61 

Unalloyed 

1675 

49,000 

PH 

100 

60 

Unalloyed 

1775 

45,300 

PF 

210 

63 

Unalloyed 

1700 

44,200 

DM 

111 

55 

2%(KeSi03+Alg03)  1725 

38,600 
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Fig.  1  -  Singl*  crystal  of  tungsten  -  3/4  Inch 

in  disaster  end  12  inches  long.  Nomel 
sise. 


( 


( 


Fig.  2  -  Large  diaswter  unalloyed 
tungsten  crystal  DC  [111]. 


Fig.  3  -  Transverse  &  longitudinal  sections 

of  PA,  an  unalloyed  tungsten  crystal 
with  an  [111]  axis.  The  swuclsBim  nls- 
orlentatlon  was  about  4-1/2*. 


lOOX 

Fig.  4  -  PC  [111],  an  unalloyed  tung¬ 
sten  crystal  showing  the  sub¬ 
grain  boundaries  &  etch  pyramids . 


fig.  S  •  PC[111],  an  unalloyad  tung* 
a tan  cryatal  ahowlng  tha 
triangular  etch  pyraalda 
charactariatlc  of  tha  (III). 

750X 


Fig.  6  -  PA[lll]y  an  unalloyad 

tungatan  crystal  shown  In 
Fig.  3.  This  Is  tha  Ion* 
gltudlnal  sactlon  showing 
tha  shlngla-llka  s true turn 
charactariatlc  of  (h»k,0). 
Note  tha  change  In  etching 
at  the  grain  boundary. 

75QK 


Fig.  7  -  Seed  end  of  large  dlasMter  unalloyed 
tungsten  crystal  DB  [111].  Note  tha 
large  nusiber  of  subgrains  and  very 
slight  difference  In  orientation. 


3X 


EXPLANATION  OF  FIGURE  9 


Figure  9  was  obtained  by  using  a  microfocus  tube  with  a 
camera  similar  to  that  described  by  Wei  ,  Using  unflltered 
tungsten  radiation,  the  (100)  was  lined  up  parallel  to  the  cam¬ 
era  axis.  The  surface  plane  of  the  crystal  was  3*  from  being  a 
(100).  The  angle  between  the  (100)  and  the  Incident  beam  of 
X-rays  was  about  22*  for  (200)  diffraction.  The  (200)  Image  Is 
located  In  the  upper  right  central  portion  of  the  photograph. 
Other  Images  are  from  less  closely  packed  planes  In  the  (100) 
zone.  The  other  strong  Image  (left  center)  Is  from  the  (420). 
This  pattern  was  obtained  after  a  1/2  hour  exposure  using  35 
klloyolts  and  .350  ad.croaaq>s. 

Mlsorlentatlons  based  upon  the  (200)  Image  are  approxl- 
Biately  25*  of  arc  for  the  small  section  divorced  from  the  top 
part  of  the  Image  and  approximately  6*  of  arc  for  the  widest 
mlsorlentatlon  to  the  lower  right.  The  heavy  white  lines  are 
the  characteristic  L  radiation  of  tungsten.  When  observed 
visually  there  was  no  mlsorlentatlon  dlscernable  except  for  the 
small  top  section. 


3X 


Fig.  8  -  Cap  end  of  large  diameter  unalloyed 
tungsten  crystal  DA  [111].  Note  the 
fewer  (comparatively)  subgrains  and 
larger  amounts  of  misorientation. 


Photograph  of  images  obtained  from  the  x-ray  microfocus  tube. 
An  explanation  is  included  on  facing  page. 


lOOZ 

Hg.  10  -  PH  [100],  coMpl«t«ly  recrya- 
talltsad  thawing  thlnglt-likt 
t true turn  «t  tht  grain  boun¬ 
dary,  highly  atchad. 


Fig.  11  >  A  taction  of  twagad  rod  and 
two  tantlle  tpaclaens  pra- 
pared  from  a  tlallar  rod. 


'  dimensions  OFTEMSILE  SPECiMRM 


OBTAINED  FROM  SWABED  ROD. 


DRILL  FOR  .250**  PIN 


INCHES, 


Fig.  13  -  Photo  of  cleaved  tungsten,  the  side  to 
the  upper  right  has  been  ground.  Note 
the  smooth  planar  effect. 


Fig.  14  -  Photo  of  fracture  along  boundaries.  Note  the  curved 
and  uneven  appearance. 


Fig.  15  -  Som  ••ctlon*  of  worked  material. 

TWo  piecea  of  0.040"  efaeet  and  one 
awaged  rod. 


sox 

Fig.  17a  -  PAB  [111],  a  section  of  an  unalloyed 
tungsten  crystal  swaged  to  20X  R.A. 

Note  the  presence  of  defoxvatlon  bands. 


SOX 

Pig.  17b  -  PAB,  same  as  Pig.  17a,  vac¬ 
uum  annealed  at  1300*C  for 
1/2  hour. 


sox 

Fig.  17a  >  PAB  [111],  a  sactlon  of  an  unalloyed 
tungsten  crystal  swaged  to  20X  R.A. 

Note  the  presence  of  defonsatlon  bands. 


Fig.  17b  -  PAB,  same  as  Fig.  17a,  vac¬ 
uum  annealed  at  1300*C  for 
1/2  hour. 


SOX 


Fig.  17c  -  PAB,  ■•■•  as  Fig.  17a,  vacuum  annaaled 
at  1500*C  for  1/2  hour. 


s'  IxJjS 


mmi 


Fig.  17d  -  PAB,  saaie  aa  Fig.  17a,  vac¬ 
uum  annealed  at  1500*C  for 
1/2  hour.  Note  the  start  of 
recrystalllzatlon. 


3X 


Fig.  17g  -  PAB,  aame  a*  Fig.  I7a,  vacuum  annealad 
at  1725*C  for  1/2  hour. 


Fig.  I7h  -  FAB,  same  as  Fig.  17a,  vacuum 

annealed  at  1800*C  for  1/2  hour. 


3X 


5QX 


Fig.  171  -  PAB,  saae  as  Fig.  17a,  vac> 
uum  annealed  at  2000*C  for 
1/2  hour.  Note  recrystalll- 
zatlon  la  ccaq>lete. 


Fig.  17J  -*  PAB,  same  as  Fig.  17a,  vacuum  annealed 
at  2000*C  for  1/2  hour. 


3X 


150X 


Fig.  18a  -  RU-1  [111],  a  section  of  an 
IX  Nb  alloy  forged  from  .505 
inch  to  .230  inch  and  rolled 
to  .040  inch.  Refer  to  Fig. 

21  which  la  at  a  lower  mag¬ 
nification  and  one  can  aee  the 
preaence  of  deformation  banda. 


Fig.  18b  -  RU-1,  aame  aa  Fig.  18a,  vac¬ 
uum  annealed  1350®C  for  1/2 
hour. 


150X 


Fig. 


18*  -  KD*1»  ••am  aa  18a,  vaeuw 

annaalad  1620*C  for  1/2  hour. 


15QX 


Fig.  18£  >  RU-1,  same  as  Fig.  18a, 

vacuum  annealad  177S*C  for 
1/2  hour.  Very  heavy  etch. 


150X 


Fig.  18h  -  HD-1,  laiM  ai  Fig.  18a,  vacuum  an 
nealad  1975*C  for  1/2  hour. 


lOX 


Fig.  181  -  RD-I,  same  as  Fig.  18a,  vacuum 
annealed  1975*C  for  1/2  hour. 

Note  that  some  coarsening  has 
taken  place.  The  unetched  portion 
Is  where  the  electrical  contact 
was  made. 


150X 

Fig.  18J  -  RU-1,  same  as  Fig.  18a,  vac¬ 
uum  annealed  2100*C  for  1/2 
hour.  Note  that  recrystalll- 
zatlon  Is  complete. 


3X 

Fig,  21  -  RU-l  [111],  1%  Nb  alloy  forged  from 
.505  Inch  to  .230  inch  and  rolled  to 
«040  inch.  Note  the  presence  of  de¬ 
formation  bands. 


6X 


Fig.  22  -  PGC  [Ill],  unalloyed  tungsten 
crystal.  This  Is  the  side  view 
after  being  forged  frosi  .580 
Inch  to  .256  Inch.  Note  the 
presence  of  deformation  bands. 


6X 

Fig.  23  -  PCB  [111],  unalloyed  tungsten 
crystal  swaged  to  60%  R.A. 
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